ABSTRACT-Introduction: The metabolic consequences of trauma induce significant clinical pathology. In this study, we evaluate the independent, metabolic contributions of tissue injury (TI) and combined tissue injury and hemorrhagic shock (TI/HS) using mass spectrometry (MS) metabolomics in a controlled animal model of critical injury. Methods: SpragueDawley rats (n ¼ 14) underwent TI alone or TI/HS, followed by resuscitation with normal saline and shed blood. Plasma was collected (baseline, post-laparotomy, post-HS, post-resuscitation) for ultra-high pressure liquid chromatography MS-metabolomics. Repeated-measures ANOVA with Tukey multiple column comparison test compared the fold change of metabolite concentration among the animal groups at corresponding time points. Results: Four hundred forty metabolites were identified. TI alone did not change the metabolite levels versus baseline. TI/HS induced changes in metabolites from glycolysis, the tricarboxylic acid cycle, the pentose phosphate, fatty acid and glutathione homeostasis pathways, sulfur metabolism, and urea cycle versus TI alone. Following resuscitation many metabolites normalized to TI alone levels, including lactate, most tri-carboxylic acid metabolites, most urea cycle metabolites, glutathione disulfide, and some metabolites from both the pentose phosphate pathway and sulfur metabolism. Conclusions: Significant changes occur immediately following TI/HS versus TI alone. These metabolic changes are not explained by dilution as a number of metabolites remained unchanged or even increased following resuscitation. The differential metabolic changes resulting from TI alone and TI/HS provide foundation for future investigations severe injury in humans, where TI and HS are often concurrent. This investigation provides a foundation to evaluate metabolic-related outcomes and design-targeted resuscitation strategies.
INTRODUCTION
While the overall incidence of postinjury multi-organ failure (MOF) is decreasing the rates of MOF-related resource utilization, morbidity and death are unchanged (1) . Thus, despite improvements in prehospital life support, operative technique, and critical care, patients surviving critical injury remain at risk of poor outcome due to postinjury sequelae. Investigation has spanned decades; however, the comprehensive metabolic mechanisms driving these later events remain incompletely defined, limiting superior prognostic biomarkers and treatment targets (2, 3).
Cuthbertson initially described the sequential, metabolic, ''ebb'' and ''flow'' phases following injury, recognizing the intrinsic link between cellular anabolic/catabolic disequilibrium and clinical sequelae in the postinjury state (4) . Biochemical adaptations acutely facilitate survival by shifting redox balance, and supplying catabolites for substrate-level phosphorylation to generate energy molecules under anoxic conditions (5) . However, the resulting loss of homeostasis creates a reactionary system based on the evolving physiologic state, ultimately contributing to acidosis, inflammation, coagulopathy, cardiopulmonary pathophysiology, nitrogen imbalance, and malnutrition (2, 3, 6) .
Plasma lactate levels, base deficit, and the anion gap represent traditional indicators of metabolic derangement in the post-shock state (7, 8) . Confounding factors such as hypoalbuminemia, respiratory acidosis, and unmeasured anions may compromise sensitivity, specificity, and the diagnostic value of these traditional assessments. A physiochemical approach acknowledges the significance of unmeasured, non-lactate anions in post-traumatic metabolic imbalance (8, 9) . Previous investigations have determined that physiochemical models, such as the strong ion gap, provide a better predictor of mortality, particularly in trauma patients with normal admission lactate levels (8) . Despite an improved understanding of metabolic derangement in trauma patients, the precise constitution of the postinjury biochemical milieu remains incompletely defined. Recently, advances in Omics technologies (10) (11) (12) and the employment of mass spectrometry-based (MS) metabolomics have accommodated the interdependent details of a multicomponent and rapidly evolving cellular response to a variety of insults, including trauma (9, 13, 14) . Within this biochemical noise, comprehensive analysis of the metabolome using high-throughput, sensitive, and specific metabolomics technologies simultaneously identifies hundreds of postinjury metabolic derangements.
Using MS-metabolomics to evaluate plasma samples from severely injured trauma patients (15) , we have identified an immediate postinjury hypercatabolism with acidic metabolite production from multiple sources such as the tri-carboxylic acid (TCA) cycle, amino acids, free fatty acids, and urate. While this initial human study established the acute metabolic changes observed immediately following traumatic injury, compared with healthy subjects, translation to an animal model was essential to control for the separate components of tissue injury and subsequent shock as these are often concurrent in the human population. Translation to a controlled animal model was also essential to allow serial assessment of the dynamic metabolic changes following injury and shock. Our established rat model of tissue injury (laparotomy), followed by hemorrhagic shock and resuscitation (TI/HS/R), affords tightly controlled experimental conditions while minimizing genetic and environmental variability. This TI/HS/R animal model also provokes clinically relevant lung and kidney injury, and produces significant 12 to 24 h mortality approximating clinical course and outcome seen in severely injured humans (16) . This model has been used in a focused fashion to investigate fluxes through the citric acid cycle following TI and HS, which raised interest in global changes with TI, HS, and resuscitation (17) .
Better characterization of metabolic changes following critical injury supports accurate prediction, prevention, diagnosis, monitoring, and treatment of the postinjury metabolic aberrations that instigate systemic pathology. The purpose of this study is to evaluate metabolic contributions in a controlled and modifiable animal model of the time course of critical injury using MS-metabolomics analysis.
METHODS

Laboratory animals
Animal experiments were performed under a protocol approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver. All animals were maintained in the accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals. Animals were housed under barrier-sustained conditions with 12-h light-dark cycles and allowed free access to food and water before use. All materials were purchased from Sigma-Aldrich Corp (St. Louis, Mo) unless otherwise specified.
TI/HS/R. Adult male Sprague-Dawley rats (n ¼ 8) weighing 350 g to 490 g (Harlan Labs, Indianapolis, Ind) underwent TI/HS/R (Fig. 1 ). They were anesthetized with intraperitoneal pentobarbital (50 mg/kg) at the beginning of the model and redosed intravenously (1 mg/kg) as necessary during the procedure. Lidocaine injection was administered at all incision sites for analgesia. A tracheostomy was performed and a tracheostomy tube was placed followed by cannulation of the femoral artery and vein. Femoral artery catheters were connected to Pro-Paq devices (Protocol Systems, Beaverton, Ore) to monitor heart rate and mean arterial pressure. Core body temperature was monitored rectally and normothermia (temperature >36) was maintained with a heat lamp. Pretissue injury (PT) blood samples were obtained, serving as baseline-internal control-for all subsequent time points. Tissue injury was produced with midline laparotomy and evisceration of bowel for 30 min. The bowel was covered with moist gauze during evisceration to prevent evaporative loss and was then replaced into the abdomen and the abdomen was closed. Post-tissue injury (T) blood samples were obtained. Nonlethal HS was induced via controlled hemorrhage from the femoral artery to an MAP of 30 mm Hg, which was maintained for 45 min. Postshock (S) blood samples were obtained at the start of resuscitation. Animals were resuscitated via the femoral vein with administration of twice shed blood volume in normal saline (NS) over 30 min, half shed blood returned over the subsequent 30 min, and twice shed blood volume in NS over the final 2 h. Post-resuscitation (R) blood samples were obtained at the conclusion of resuscitation (18) . A second group of animals (n ¼ 6) underwent tracheostomy, arterial and venous cannulation, tissue injury with laparotomy and evisceration, and blood draws were performed at corresponding time points (PT, T, S, R). These animals were not subjected to HS or resuscitation (Tissue Injury only). All blood samples were heparinized at collection, centrifuged at 5,000 g Â 10 min and flash frozen in liquid nitrogen and stored at À808C (18) .
Metabolomics analysis
Plasma samples (10 mL) were immediately extracted in ice-cold lysis/ extraction buffer (methanol:acetonitrile:water 5:3:2) at 1:50 dilutions. Samples were then agitated at 48C for 30 min and then centrifuged at 10,000 g for 15 min at 48C. Protein pellets were discarded, while supernatants and the lipid fraction were stored at À808C prior to metabolomics analyses. Ten microliters of sample extracts were injected into an Ultra High Pressure Liquid Chromatography (UHPLC) system (Ultimate 3000, Thermo, San Jose, Calif) and run on a Kinetex XB-C18 column (150 Â 2.1 mm i.d., 1.7 mm particle size) (Phenomenex, Torrance, Calif) using either a 3 min isocratic runs (hydrophilic fraction) or a gradient from 5% to 95% B over 9 min (hydrophobic fraction) at 250 mL/ min (mobile phase: 5% acetonitrile, 95% 18 mV H2O, 0.1% formic acid) (19) . The UHPLC system was coupled online with a QExactive system (Thermo, San Jose, Calif), scanning in full MS mode (2 mscans) at 70,000 resolution in the 60 m/z to 900 m/z range (hydrophilic fraction) or 150 m/z to 2000 m/z (hydrophobic fraction), 4 kV spray voltage, 15 sheath gas and five auxiliary gas, operated in negative and then positive ion mode (four separate runs per sample). Calibration was performed before each analysis against positive or negative ion mode calibration mixes (Piercenet-Thermo Fisher, Rockford, Ill) to ensure sub ppm error of the intact mass. Metabolite assignments were performed using the software Maven (20) (Princeton, NJ), upon conversion of raw files into mzXML format through MassMatrix (Cleveland, Ohio). The software allows for peak picking, feature detection, and metabolite assignment against the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database. Assignments were further confirmed against chemical formula determination (as gleaned from isotopic patterns and accurate intact mass), and retention times against a >630 standard compounds library including commercially available glycolytic and Krebs cycle intermediates, amino acids, glutathione homeostasis, and nucleoside phosphates (SIGMA Aldrich, St. Louis, Mo; IROATech, Bolton, Mass).
Statistical analysis
Relative quantitation was performed by exporting integrated peak areas values into Excel (Microsoft, Redmond, Calif) for statistical analysis (repeatedmeasures ANOVA with Tukey multiple column comparison test, significance threshold for P values < 0.01) and partial least square discriminant analysis (PLS-DA), calculated through the macro multibase (freely available at www.NumericalDynamics.com). Hierarchical clustering analysis was performed through the software GENE-E (Broad Institute, Cambridge, Mass). Box and whisker plots were graphed through GraphPad Prism 5.0 (GraphPad Software Inc, La Jolla, Calif) and figure panels were assembled through Photoshop CS5 (Adobe, Mountain View, Calif).
RESULTS
We identified 440 metabolites at each time point against external standards on the basis of the intact mass, isotopic pattern, and chemical composition. A comprehensive list of metabolites are reported in Supplemental Table 1 , http://links.lww.com/SHK/A620, including metabolite name, Kyoto Encyclopedia of Genes and Genomes (KEGG) ID, pathway assignment, experimentally observed mass to charge ratios (median values), the polarity in which the metabolites were detected, and fold-change comparison between Tissue Injury only and Shock animals following laparotomy, HS, and resuscitation.
PLS-DA of metabolite levels in each biological replicate is reported in Figure 2 . Tissue Injury only and Shock resulted in clustered metabolic phenotypes ( Fig. 2A) . PC1 þ PC2 accounted for 25.8% total covariance (PC1 ¼ 20.3%; PC2 ¼ 5.5%). The top 16 metabolites showing highest covariance across the principal components (PCs) are labeled in Figure 2B . Lactate, TCA cycle intermediate fumarate, and purine catabolites (purine, hypoxanthine, cadaverine, arginine, allantoin, urate) were the key contributors to sample group clustering. Pathway-wise, time-course elaborations of our results detail the graded metabolic response to laparotomy, HS, and resuscitation (Figs. 3-8). Glycolysis. Hyperglycemia was observed in all animals following laparotomy compared with baseline ( Fig. 3) . Lactate rose significantly following HS (P < 0.01), and then normalized following resuscitation when compared with Tissue Injury only. HS and R caused significant increases in key glycolytic metabolites: pyruvate (P < 0.01), fructose bisphosphate (P < 0.01), and ATP (P < 0.01) after resuscitation versus Tissue Injury only.
Tri-carboxylic acid cycle. There were no changes in TCA cycle intermediate levels following laparotomy in comparison to the baseline plasma sample (Fig. 4) . Conversely, increased levels of TCA intermediates (citrate, P < 0.001; 2-hydroxyglutarate, P < 0.01; succinate, P < 0.001; fumarate, P < 0.001; and malate, P < 0.01) following HS not seen in the Tissue Injury only group demonstrate a hypoperfusion associated, hypercatabolic state potentiating acidosis. All of these TCA metabolites normalized to control (Tissue Injury only) levels following resuscitation except for 2-hydroxyglutarate/citramalate. These unexpected metabolites, identified at mass-to-charge ratio 147.029 in negative ion mode, are identical to those identified in our human trauma data (15) . Identification of citramalate and 2-hydroxyglutarate was confirmed by accurate intact mass against the KEGG pathway database and brute formula determination as gleaned from isotopic pattern and available standards. These metabolites are not normally identified in plasma and are potentially of non-mammalian, bacterial, origin (P < 0.01 vs. baseline) (15) .
Urea cycle and polyamines. There were no significant changes in metabolite levels in the urea cycle due to laparotomy versus Baseline (Fig. 5) . Purine catabolism and nitrogen imbalance immediately following HS is evident by the accumulation of purine metabolites (purine (P < 0.001), nicotinamide (P < 0.001), hypoxanthine (P < 0.01), urate (P < 0.001) allantoin (P < 0.01), and allantoate (P < 0.01, data not shown) compared with Tissue Injury group. All of these metabolites except hypoxanthine returned to control plasma levels following resuscitation. Arginine, a precursor to nitric oxide (NO), and its catabolite, cadaverine, decreased following HS (P < 0.01 and P < 0.001, respectively), with normalization of cadaverine following resuscitation although arginine was unaffected. Resuscitation resulted in the progressive accrual of polyamines (spermidine, and spermine, P < 0.01) compared with Tissue Injury only.
Fatty acid metabolism. Tissue injury with laparotomy alone initiated derangements in fatty acid metabolism, specifically mono-and poly-unsaturated fatty acids (Supplemental Table 1 , http://links.lww.com/SHK/A620) (Fig. 6) . Lipolysis appeared to be provoked by HS following TI as the ketone body hydroxybutyrate increased, but not significantly, and reached a maximal plasma level following resuscitation in the Shock group versus Tissue Injury only (P < 0.001). Fatty acid-mobilization (butanoyl-carnitine and propanoyl-carnitine) showed a similar pattern to hydroxybutyrate with increases identified during HS, which reached statistically significant levels following resuscitation (P < 0.01 and P < 0.001, respectively) when compared with Tissue Injury only. HS following TI resulted in decreased plasma levels of medium chain fatty acids, and conversely, instigated a progressive accumulation of short and long chain fatty acids and poly-unsaturated fatty acids, highlighting a differential metabolic response among fatty acid metabolism (e.g., docosahexaenoic and dodecanedioic acid (P < 0.01) Supplemental Table 1 , http://links. lww.com/SHK/A620). Enzymatic and chemical oxidation products of arachidonate metabolism increased in response to Shock, but not Tissue Injury alone (Supplemental Table 1 , http://links.lww.com/SHK/A620). As further evidence of ongoing lipolysis, increased levels of phosphocholines and phosphoethanolamines versus control (P < 0.01) were observed following HS, which was not corrected by resuscitation (Supplemental Table 1 , http://links.lww.com/SHK/A620). Consistently, lipid head groups increased in the Shock group, but not in the Tissue injury only group (P < 0.01), including glycerol phosphate, ethanolamine phosphate, and glycerol-phosphoethanolamine-Supplemental Table 1 , http://links.lww.com/ SHK/A620).
Glutathione homeostasis. Metabolite levels within the glutathione redox pathway did not change following laparotomy alone (Fig. 6) . However, HS potentiated increases in glutamate and glutathione disulfide (GSSG) (P < 0.01 for both), both of which normalized to Tissue Injury only levels with resuscitation. Despite increases in the total glutathione pool (GSHþGSSG), reduced to oxidized glutathione ratios (GSH/GSSG) decreased following HS (P < 0.001) and normalized with resuscitation versus Tissue Injury only levels. Lastly,
5-oxoproline was increased following resuscitation versus
Tissue Injury only levels (P < 0.01)
One-carbon metabolism. Laparotomy did not alter steadystate one-carbon metabolism compared with baseline plasma levels (Fig. 7) . Substrate flux through the folate and methionine cycles increased after HS: Methenyltetrahydrofolate, formyltetrahydrofolate, methionine, and S-adenosylhomomethionine (P < 0.01), and resuscitation: folate, tetrahydrofolate, and S-adenosylhomomethionine (P < 0.01). The glutathione precursor cysteine decreased significantly during HS (P < 0.01) and normalized following resuscitation as compared with Tissue Injury only levels.
Pentose phosphate pathway. The metabolites of the pentose phosphate pathway were in dynamic equilibrium following laparotomy alone (Fig. 7) ; however, sedoheptulose phosphate increased following HS (P < 0.001) versus Tissue Injury only and normalized following resuscitation. Phosphoserine was significantly decreased versus control (P < 0.01), as a consequence of HS following TI and also normalized following resuscitation; however, no significant changes in levels of any other metabolites were observed at any time point when compared with Tissue Injury only. NADPH levels were unaffected by laparotomy, HS, or resuscitation.
Sulfur metabolism. Laparotomy alone did not evoke changes in sulfur metabolism (Fig. 8) . The osmoregulator hypotaurine increased during HS and continued to rise during resuscitation (P < 0.01 and P < 0.001, respectively), while taurine increased following resuscitation as well (P < 0.01) compared with Tissue injury only. The precursor metabolite cystathionine increased following HS (P < 0.01); however, a precursor to hydrogen sulfide, thiocysteine, (P < 0.001) decreased following HS compared with Tissue Injury only. Lastly, creatine, but not creatinine, increased following resuscitation (P < 0.001 and P < 0.1, respectively).
DISCUSSION
In the present study, a MS-metabolomics analysis of plasma from our validated TI/HS/R rat model was completed (16) . Overall, 440 metabolites were identified for each time point, resulting in the most comprehensive study of the metabolomic time course of critical injury to date. From this analysis the metabolomic contributions were determined for tissue injury by laparotomy alone, HS, and resuscitation, independently and in succession. The reported data demonstrate that tissue injury alone does not significantly alter the plasma metabolome versus baseline, whereas HS following TI instigates immediate and global metabolic change with numerous metabolites increasing despite resuscitation with NS and blood (volume ¼ twice the shed blood in NS followed by 50% of the shed blood, then another twice the shed blood in NS) and some metabolites remaining unchanged regardless of the intervention, e.g., cystine, homocysteine, creatinine, glycine, NADPH, glutamine, alanine, carnitine, and citrulline. For the increases in circulating metabolites from glycolysis and the TCA cycle, resuscitation selectively corrected discrete metabolites elevations toward preinjury baseline (i.e., select TCA intermediates and lactate) while other metabolites within the same metabolic pathways remain elevated (i.e., ATP, pyruvate, fructose bisphosphate). This selective metabolic correction invokes biochemical regulation with resuscitation and restoration of perfusion beyond a simple dilutional explanation related to the volume of resuscitation provided. Additional shock-related metabolopathies persist within the urea cycle, polyamine, and arginine metabolism, and lipolysis with discrete metabolite levels continuing to increase to maximally observed levels after blood and NS resuscitation.
Isotopic analysis of pathways will define to what extent shock plasma metabolomes represent deregulation or reduced delivery/clearance of metabolites, and post-resuscitation metabolomes reflect dilution, continued metabolic evolution, or return to baseline homeostasis. However, regardless of mechanism the circulating plasma concentrations presented in this analysis constitute the biochemical milieu that is delivered to the tissue, generating hypotheses about how the cell might respond to a given post-shock and post-resuscitation environment. Furthermore, it is not implicitly clear if metabolopathies following shock represent survival-supporting metabolic adaptations or pathologic derangement. The answer is likely dichotomous, and will require targeted investigations that alter specific metabolopathies identified by this comprehensive analysis to determine physiologic consequence.
Hyperglycemia following injury is well recognized, with contribution from hormone-mediated glycogenolysis, gluconeogenesis, and insulin resistance (21) . These mechanisms provide glucose for tissues but also potentiate stress hyperglycemia, an independent risk factor for increased rates of infection, MOF, and mortality (22) . These results confirm that tissue injury and HS deregulate the glycolytic pathway. Shock worsens hyperglycemia initiated by tissue injury; however, glucose concentration returns to pre-injury levels by the post-resuscitation time point.
Lactate is a longstanding clinical biomarker of poorly perfused tissue beds, often becoming a key measure in therapeutic and operative decision thresholds. These data support using lactate concentrations to warn of ongoing ischemia, because tissue injury alone was not sufficient to increase lactate levels, whereas subsequent shock was. Although resuscitation normalizes lactate concentrations in this model, it is important to recognize that shock-instigated metabolic derangements persist in many other pathways despite resuscitation. Thus, emphasizing lactate as a single endpoint in resuscitation ignores the immediate and ongoing metabolopathies within other pathways that contribute to acidosis, coagulopathy, inflammation, and malnutrition (3, 8, 23) .
Severe injury provokes the accumulation of TCA cycle intermediates (15) . The present data support this finding and further delineate that only the addition of HS to TI instigates accumulation of citrate, malate, succinate, and fumarate while tissue injury alone does not significantly alter TCA cycle steady state. These data corroborate longstanding clinical investigations describing changes in TCA cycle intermediate levels under anoxic/hypoxic conditions (5, 24) . Increases in the plasma concentrations of these compounds likely represent both survival-supporting metabolic adaptations and pathologic derangements. Previous investigation has found that elevated levels of fumarate and succinate appropriately contribute to the hypoxic response by upregulating HIF1a (25) , and that succinate accumulates due to substrate-level phosphorylation in the mitochondria to generate high-energy molecules under anoxic conditions (5) .
However, TCA cycle intermediates have also been implicated in postinjury metabolic acidosis, ischemia/reperfusion injury, inflammation, and coagulopathy (8, 15, 24, 26, 27) . Nonhemorrhagic ischemia/reperfusion models have recently demonstrated that concentrated succinate ultimately generates mitochondrial reactive oxygen species (ROS) byproducts upon reperfusion, capable of inducing IL-1b (24, 27) . The presented data demonstrated similar succinate fluxes during hemorrhage and resuscitation, highlighting the potential for increased levels of succinate to contribute to oxidative stress and inflammation following critical injury.
Postinjury hypercatabolism in trauma patients is well documented and contributes to malnutrition, sepsis, MOF, and death (23, 28, 29) . The presented results highlight that catabolism following severe injury is immediate, instigated by shock following tissue injury, and not fully attenuated by fluid/blood product resuscitation. Altered purine and arginine metabolism after shock indicates immediate nitrogen imbalance, and the potential to exacerbate acidosis via catabolite flux into the TCA cycle. However, elevated concentrations of certain catabolites, e.g., polyamines, taurine, and urate, support redox equipoise, osmoregulation, and pH balance mechanisms that are critical in maintaining homeostatic balance during systemic disturbance (30) .
Arginine anabolic/catabolic disequilibrium contributes to dysregulated NO synthesis as demonstrated in a variety of disease states including cardiovascular disease, sepsis, liver failure, and cancer (31) . In septic patients, decreased arginine levels correlate to worse survival (29) . Documented here, arginine concentrations acutely decrease following HS and not with tissue injury alone. Importantly, citrulline-a cocontributor to NO synthesis-does not decrease, suggesting an alternative arginine catabolic by-product. For example, the polyamines spermine and spermidine accumulate during resuscitation. Polyamines are highly alkaline amino acid catabolites that can buffer pH, scavenge for reactive oxygen species and serve as osmolar agents (30) , and have been previously reported in urine from trauma patients (32) . The reported data suggest that increased concentrations may not simply be excreted by products of trauma-induced proteolysis, but rather are accumulating following the deregulation of multiple metabolic pathways with the potential to actively contribute to post-shock milieu. Experimental animal models that modulate these pathways are important next steps in designing resuscitation schema that exploit the homeostatic benefits of catabolites acutely following severe injury while supporting anabolic/catabolic balance during recovery.
In 2010, Cohen et al. (9) reported that evidence of disturbed lipid metabolism in severely injured trauma patients was the strongest predictor of clinical outcome. Aberrant levels of circulating lipid metabolites in trauma patients, when compared with healthy controls, were thought to reflect acutely dysfunctional metabolism within the liver, cell lysis, activated coagulation/fibrinolysis, and increased inflammation. The data from this controlled model present parallel findings, and delineate that the conditions of HS potentiate deregulation initiated by tissue injury and persist following resuscitation with NS and whole blood.
The reported data also demonstrate an increased concentration of the ketone body hydroxybutyrate during resuscitation, highlighting a possible cellular attempt at surviving shock stress. Hydroxybutyrate, mimicking the action of insulin, increases the efficiency of mitochondrial energy production, which corrects acidosis, prevents the generation of ROS, and stabilizes the ion gradients that contribute to cellular lysis (33, 34) . As such, hydroxybutyrate has been suggested as a supplement in resuscitative fluids for critically ill patients. Our results support this as a potential therapeutic strategy in severely injured trauma patients to augment cellular metabolic adaptation in the post-shock state.
Anti-oxidant/oxidant imbalance under pathophysiologic conditions, such as ischemia/reperfusion, generates oxidative stress, contributing significantly to inflammation. Deviations in reduced/oxidized glutathione ratios have been correlated to cellular proliferation, differentiation, and death (24, 35) , with implications for inflammation and organ failure. In the reported model tissue injury alone does not create anti-oxidant/oxidant imbalance, as metabolites within the glutathione redox pathway remain in steady state at the post-laparotomy time point. By contrast, the addition of HS to TI predictably generates oxidative stress as evidenced by a relative increase in oxidized glutathione with resultant decrease in the GSH/GSSG ratio, and this ratio did normalize following resuscitation. HS following TI also instigated the accumulation of glutathione catabolite, 5-oxoproline, a compound that has been previously associated with metabolic acidosis, representing an additional non-lactate contribution to acid/base imbalance (36) . Unlike TCA intermediates, the increase in 5-oxoproline concentrations was not reversed by resuscitation.
When compared with prior experimental work in this field we see both similarities and differences. In a review of critically injured patients with heterogeneous combinations of HS and TI, there was an immediate postinjury hypercatabolic state with production of acidic metabolites from diverse pathways (15) . Both the previous human study and this animal investigation reveal the hypermetabolic state following TI and HS, with accumulation of citric acid cycle intermediates, lipolysis, breakdown of nucleosides, and the presence of bacterial metabolites. However, the controlled animal model in this current study allows us to highlight the central role of TI/HS in producing these changes, rather than isolated TI. Additionally, this study provides a description of the role of resuscitation on either attenuating these changes (such as lactic acidosis) or exacerbating them (as in fatty acid pathways). Likewise, in a similar controlled animal model evaluating specific substrate contribution to Krebs cycle pathways we identified similar changes in both glycolysis and Krebs cycle pathway metabolites following TI/HS versus TI alone (17) . The limited role of TI as opposed to TI/HS in producing metabolomics perturbations was reinforced here with a more extensive examination of other pathways.
This study has several potential limitations. We elected to study only isolated TI or combined TI/HS, and therefore these data cannot be extrapolated to the effects of isolated HS. However, isolated HS is an entity seen in other settings such as gastrointestinal or post-partum hemorrhage, and not in the trauma population of interest; therefore, it was not studied here. Additionally, all animals used in this study were male, which limits its applicability somewhat. However, female rats are resistant to organ dysfunction following trauma and hemorrhagic shock, rendering them a poor choice for simulating the human trauma population with a high burden of organ dysfunction (1, 37) . Therefore, we elected to use a male rat model that has been shown to produce post-injury organ dysfunction (16) .
This animal model highlights the acute changes in response to tissue injury, HS, and resuscitation but cannot be extrapolated to clinical outcome or progressive organ failure and survival. Longer survival models would provide for better correlation of acute metabolic phenotypes with later clinical morbidity and outcome. Survival models would also provide clinical endpoints to assess the efficacy of early, targeted therapeutic strategies in metabolomic resuscitation aimed at preventing the development of clinical sequelae. While we cannot correlate specific metabolic profiles to clinical endpoints, this TI/ HS/R animal model does provoke acute lung and kidney injury, as well as significant 12 to 24 h mortality (16) . Future comparison of plasma and organ-specific ''biofluid'' metabolomese.g., bronchoalveolar lavage fluid-may better elucidate culprit mediators for organ-specific pathology.
This animal model reflects a discrete tissue injury from laparotomy and evisceration which cannot be extrapolated to the poly-trauma often encountered in human patients. Human trauma patients with severe shock often experience combine poly-trauma, with multiple sources of tissue injury, and uncontrolled hemorrhage. This is difficult to replicate in a controlled model while maintaining experimental control of distinct tissue injury and subsequent hemorrhagic contributions to pathologic response. In this investigation we chose a discrete, reproducible, tissue injury mechanism, which does not significantly contribute to additional uncontrolled blood loss as can occur with poly-trauma (i.e., solid organ injury of liver or spleen, or long bone fractures, etc.). Laparotomy and evisceration in this model does provide a discrete tissue injury with identifiable metabolic derangements that are experimentally separated from those potentiated by hemorrhagic shock. While this allows for a controlled comparison of two potential components to post-traumatic metabolic derangement this mild, specific, tissue injury does not replicate a poly-trauma injury mechanism seen in human trauma patients and cannot be widely generalized. Alternate tissue injury patterns may exert different, unique metabolic derangements (i.e., femur fracture, pelvic fracture, rib fracture with flail chest or solid organ injury of liver, spleen or kidney, etc.). For example, in our human study, proteolysis was seen which was not reproduced here, which may be due to a lesser degree of tissue injury in our experimental model (15) . The foundational description provided in this investigation establishes a baseline for the differential effects of tissue injury and shock, and may allow for important future studies of specific organ injuries, multiple organ injuries, and combined injury patterns (i.e., orthopedic, thoracic, abdominal) with and without hemorrhagic shock. These injury mechanisms, as well as traumatic brain injury are future directions that would be important to study and would allow accurate translation to human poly-trauma patients.
Resuscitation schema for trauma patients with hemorrhagic shock has experienced a significant transition from historically high volumes of crystalloids to current resuscitation pathways using blood products administered either in specific ratios of PRBC:FFP or specific blood component resuscitation directed by whole blood clotting assays (TEG or ROTEM). Blood product resuscitation is clinically most applicable upon patient arrival to the hospital, with many prehospital systems lacking capabilities to deliver blood products in the field. Largely, the prehospital support of profound hemorrhagic shock continues to rely on administration of crystalloid solutions. This controlled animal model was designed to reflect this clinical care of human trauma patients with initial crystalloid resuscitation, followed by blood product administration, and then ongoing support with crystalloids after control of hemorrhage and correction of coagulopathy.
Crystalloid resuscitation in this model may impart metabolic aberrations by contributing to a hyperchloremic metabolic acidosis and subsequent downstream implications on compensatory metabolic mechanisms. While this reflects clinically relevant resuscitation strategies in use, and metabolic stimuli in human trauma patients, future investigation should evaluate comparative crystalloid or blood product resuscitation strategies, the effects of initial permissive hypotension with limited crystalloid and initial blood product resuscitation in lieu of any crystalloids for the support of hemorrhagic shock. These future studies could better evaluate the relative ability of crystalloid or blood product resuscitation to attenuate or correct the diverse metabolic dysfunction described in this study. This comprehensive time-course description of post-shock metabolopathy in a controlled model provides the foundation for these important future investigations.
CONCLUSION
Based on the reported results, we conclude that MS-metabolomics can be translated to a controlled animal model of severe traumatic injury, providing a time-course analysis of the metabolic evolution following trauma, HS, and resuscitation. Importantly, tissue injury alone does not instigate broad metabolic aberration, while TI/HS provokes significant metabolic changes in all major pathways, some of which may be normalized by resuscitation with intravenous fluid and whole blood. This type of resuscitation corrects multicomponent metabolic acidosis, while hypercatabolic metabolopathies persist in most pathways at the post-resuscitation time point. Results from this investigation are hypothesis-generating in that they identify potentially beneficial and pathogenic metabolic mediators in the post-shock state. Future experiments designed to isolate, manipulate, and supplement individual metabolic pathways will elucidate the precise contributions of specific substrates to postinjury systemic sequelae.
